Background: Determination of auditory function is a fundamental part of a complete neurologic examination. Disability from permanent hearing loss is common in the general population. Current bedside auditory tests are unreliable and cumbersome. We evaluated the calibrated finger rub auditory screening test (CALFRAST) as a routine diagnostic tool.
Fundamental components of the routine neurologic examination comprise practical judgments of perception and performance. Auditory function has unquestionable clinical importance, but its evaluation is most often triggered by a symptomatic complaint or observation of impaired conversation. Hearing impairment should be determined by professional audiometry, but accurately gauging disability for referral requires a convenient and objective standard. Both sensitivity and reliability of conventional near-to-the-ear auditory tests are notoriously poor. [1] [2] [3] The whispered voice test has limitations of standardization and calibration. 4 The neurologic examination arbitrarily segregates many aspects of behavior, spontaneous or elicited, with some degrees of voluntary cooperation. If performance is not normal, how, and how much? Scoring mechanisms are devious. At one extreme is the numerical Snellen test card for visual acuity. Vibration sense is judged by duration of intensity, position sense is judged by joint angle, and plantar reflex is judged by hallux deflection. Arbitrary intensity scales grade tendon jerks and touch and pain sensibility. More complex observations, such as mental status, eye movements, facial expression, speech articulation, and limb coordination, require verbal descriptors.
Unique is the rationale for the conventional test for maximal voluntary limb muscle strength; the examiner's resistive force is the direct measure of the subject's strongest effort. This competition/comparison provides an analogy for auditory function, with the examiner acting as a surrogate hearing reference standard. The goal of the cali-brated finger rub auditory screening test (CALFRAST) is to determine a degree of auditory dysfunction that would likely impair the comfortable understanding of speech.
METHODS Recruitment of subjects. The protocol was approved by the Human Research Protection Office at Washington University in St. Louis. This is a prospective study of a consecutive series of participants who were recruited from July 2007 to September 2008. Patients and their companions at the Movement Disorders Clinic and the General Neurology Clinic were offered the opportunity to participate. Informed consent was obtained.
Test procedure. With the hand comfortably dry, the CALFRAST sound was produced by briskly rubbing the thumb across the distal fingers. Testing was conducted in an examination room that was quiet but not soundproof. We examined 221 participants for a total of 442 ears. Each individual was asked one question about hearing: "Do you feel you have a hearing loss?" 5 After comfortably seating the subject on a bench, the examiner demonstrated the CALFRAST sound-making process and explained that the subject's task would be to report hearing the sound by raising the hand on the side of the perceived signal. The subject was encouraged to listen carefully so as not to miss the faintest sound. With the subject's eyes closed, the examiner stood nose to nose, 6 to 10 inches in front of the subject, and extended both arms straight laterally so that the moving fingers would be equidistant from the examiner's and subject's ears, a distance of approximately 70 cm ( figure 1A ). First, a strong finger rub (CALFRAST-Strong 70), as strong as one can perform without snapping the fingers, was presented to each ear separately and was repeated three times. If the subject reported accurately, the next test was the faint finger rub (CALFRAST-Faint 70), the softest rub that the examiner could hear with arms fully extended. If the participant heard CALFRAST-Faint 70 bilaterally, the testing was complete.
If the participant did not hear CALFRAST-Strong 70 with either ear, still louder stimuli were produced by bringing the strong rub closer to the tested ear at standard intervals of approximately 35, 10, and 2 cm. Halving the stimulus distance to approximately 35 cm was conveniently estimated by flexing the elbow to 90 degrees (CALFRAST-Strong 35; figure 1B). One hand breadth was conveniently used to mark the 10-cm distance (CALFRAST-Strong 10). The 2-cm distance stimulation was presented as close to the tragus as possible, without touching the earlobe (CALFRAST-Strong 2). The CALFRAST level for each ear was the weakest stimulus perceived. CALFRAST was always performed and results were annotated before the screening audiometry; the CALFRAST examiners were always blinded to the subjects' true hearing ability.
Screening audiometry was then performed in the same examination room using a portable audiometer (Earscan3 ® ; Micro Audiometrics, Murphy, NC). The earphones were fitted to the subject, and each ear was tested independently at 1,000, 2,000, and 4,000 Hz. The subject, with eyes closed, indicated perception by raising the hand on the stimulated side after each presentation of the triple-beep test stimulus. Intensity was then decreased in 5-dB steps from 80 to 20 dB, or until the subject did not respond. The last positive response was considered to be auditory threshold (AT). Subjects who did not hear the 80-dB signal were arbitrarily assigned 90 dB for calculation of the mean AT. The threshold standard for normal auditory perception was defined as 25 dB at all three test frequencies.
Testing for intrarater reliability. Nineteen participants (38 ears) were retested by the same examiner. Raters were blinded to the previous test results, and attempts were made to have a long interval between sessions to avoid bias; the lag between sessions ranged from 2 to 13 months. The test results were classified as normal or abnormal based on the participant's ability to hear CALFRAST-Faint 70. The dichotomized categorical variable was then analyzed for level of agreement between the two testing sessions.
Testing for interrater reliability. Thirty-nine participants (78 ears) were retested by a second examiner. The examiners were blinded to each other's results. The test results were classified as normal or abnormal based on the participant's ability to hear CALFRAST-Faint 70 and were then analyzed by level of agreement between the two examiners.
Calibration of CALFRAST stimuli. Several measures of acoustical energy were needed to establish the reference for CALFRAST testing. The range of sound frequencies that a young adult with normal hearing can perceive is approximately 20 to 20,000 Hz, 6 a dynamic range of 1,000-fold. Sound intensities that can be heard comfortably extend from 1 ϫ 10 Ϫ12 W/m 2 for the softest up to 100 W/m 2 , the threshold for pain, a dynamic range of 1 ϫ 10 14 . Acousticians deal with this range by converting watts per square meter to decibels: dB ϭ 10 log (I/I 0 ), where I ϭ intensity at the measurement site and I 0 ϭ the softest intensity that can be heard. This compresses the intensity scale to a range (0 -140 dB) that more closely represents human discrimination ability. A sound emanating from a point source radiates outward as a spherical shell. The intensity decreases inversely in proportion to the square of the distance from source to measurement site, the "inverse square law." Conversely, as the source moves closer, halving the distance quadruples the intensity, a 6-dB increase. The widely accepted standard for functionally adequate auditory acuity is the detection of a 25-dB signal across the typical speech frequencies, 400 to 3,000 Hz. 6, 7 Spectrum of the CALFRAST stimulus. The spectrum of an acoustic signal is the intensity of the component frequencies at a particular distance from the source. The spectrum of the CALFRAST stimulus was determined in an office setting in the presence of background noise. The stimulus was measured with a microphone (ER10-Bϩ ® ; Etymotic Research, Elk Grove Village, IL) at a distance of approximately 2 cm from the source and analyzed using Audacity software. 8 Figure 2A shows the broad spectrum of background noise, 25-12,000 Hz. In the lower frequencies (25-1,000 Hz), the magnitudes were larger. Figure 2B shows the spectrum of combined background noise and the CALFRAST stimulus. Subtracting the spectrum of background noise from the combination revealed that the CALFRAST spectrum (figure 2C) gradually increased from 25 to 12,000 Hz, overlapping the speech frequencies that hearing impairment most often afflicts.
Intensity of the CALFRAST stimuli. The CALFRAST stimuli were reproduced and the signal measured in a soundproof booth (120A-1 ® ; Industrial Acoustics, Bronx, NY) with a sound level meter (no. 2203 ® ; Brüel and Kjaer, Naerum, Denmark) set to obtain the peak intensity within the frequency range of human hearing. The examiners were tested independently, and results of peak intensities were averaged. The mean for CALFRAST-Strong 70 was 31 Ϯ 2 (SD) dBA (range 28 -32 dBA) and for CALFRAST-Faint 70 was 25 Ϯ 1 (SD) dBA (range 24 -26 dBA). Intraexaminer variability was Ϯ3 dBA over 5 seconds.
Background noise intensity. The intensities of peak background noise were measured in three typical outpatient clinic examination rooms in various medical center areas. The mean background noise was 42 Ϯ 3 (SD) dBA (range 39 -44 dBA). Intraexaminer variability was Ϯ2 dBA over approximately 10 seconds. The background noise had a broad spectrum (0.1 Hz-50 kHz) dominated by low frequencies (0.1-120 Hz).
Testing of examiners' hearing. Using the same audiometric routine as was used with the test subjects, our research examiners Frequency spectra of background noise, background noise plus CALFRAST, and the difference between them
Frequency spectra of background noise (A), background noise plus calibrated finger rub auditory screening test (CALFRAST) (B), and the difference between A and B (C). These spectra were measured in an office setting. In C, the vertical bars delimit the usual range of frequencies for human speech.
(D.T.R., K.S., and P.M.S.) were tested with the EarScan3 ® audiometer in a regular patient examination room. All three had bilateral auditory thresholds of 5 dB for the test frequencies of 1,000, 2,000, and 4,000 Hz. Finger-to-tragus distance. While holding the finger rubbing posture, the distance between the fingers and the subject's tragus was measured in 50 consecutive subjects (100 arms). In men, this distance averaged 74 cm (SD 4.2 cm), and in women, it averaged 69 cm (SD 4.7 cm). Our three examiners' finger-to-tragus distances fell within 2 SDs of these averages. Because of the inverse square law, the expected change in intensity from the variation in arm length would be negligible (less than 2 dB).
Statistical methods. The receiver operating characteristic (ROC) curve is plotted with the sensitivity of each test level on the y-axis and the false-positive error rate (1-specificity) on the x-axis. During development of a new diagnostic test, it is essential to inspect the ROC curve to define the cutoff points with the best discrimination ability that should be further studied. 9 Predictive values quantify how well the test result predicts true disease 10 and are contingent on the prevalence of the tested condition in the population studied. 11 Predictive values were calculated using the prevalence of hearing impairment in our sample and in the general population. Statistically, the data for each ear were handled independently. Failure to detect the testing stimulus was classified as a positive test result. Likelihood ratios (LRs) were calculated to quantify the change in the odds of disease conferred by knowledge of the test result, a measurement with obvious practical importance. 10 Prevalence-weighted LRs were reported because conventional LRs are misleading when prevalence differs from 50%. LRs above 10 and below 0.1 were considered to be strong evidence for the test's ability to discriminate reliably between significant hearing impairment and acceptable hearing. 12 Also, the 95% confidence intervals (CIs) were determined whenever useful. 13 The intrarater and interrater reliability were measured using the test. 14 
RESULTS
Two hundred twenty-one subjects (58% women) participated, for a total of 442 ears. The mean subject age was 46 years (SD 16.6 years), with a range of 18 -88 years. Screening audiometry identified impaired hearing in 151 ears (34%), 85 partici-pants (38.5%). The prevalence of hearing impairment in our subjects was similar to that in other neurology clinic populations. 1, 15 Table 1 shows the mean AT at each CALFRAST level. As the CALFRAST threshold increases, the mean AT increases, with a Spearman correlation coefficient of 0.827 (significance Ͻ0.01). Figure 3 shows further that the mean AT at each CALFRAST level parallels the mean peak intensity of the stimulus.
CALFRAST receiver operating characteristic curve.
The ROC curve was plotted to show the area under the curve (AUC) to be 0.944 (95% CI 0.924 -0.965), consistent with excellent discriminatory abilities (1.0 is perfect). 9,10 Looking for the best CALFRAST level to screen for hearing loss, the ROC curve was inspected, and CALFRAST-Faint 70 and CALFRAST-Strong 70 were the most promising for screening purposes.
CALFRAST-Strong 70. Of the ears tested, 29% (130/ 442) were able to hear CALFRAST-Strong 70 but unable to hear the CALFRAST-Faint 70 stimulus (classified as CALFRAST-Strong 70; table 1). The mean AT for these ears is 29 dB. The sensitivity of CALFRAST-Strong 70 is 61% for hearing loss (CI 53-69; table 2). The negative predictive value (NPV) is 83% (CI 79 -87), with a negative likelihood ratio (NLR) of 0.2 (CI 0.16 -0.26).
Ninety-two ears (21%) were unable to hear CALFRAST-Strong 70. None of these ears had normal hearing when evaluated by audiometry, providing a specificity of 100% and a positive predictive value (PPV) of 100%, with a positive likelihood ratio (PLR) approaching infinity. All of these subjects who were not able to hear strong finger rub with full arm *The mean auditory thresholds (ATs) for calibrated finger rub auditory screening test (CALFRAST)-Faint 70 and CALFRAST-Strong NR have an artificial floor and ceiling effect, because ATs below 20 or above 80 dB were not evaluated. Subjects who did not hear the 80-dB signal were arbitrarily assigned 90 dB for calculation of the mean AT. CALFRAST-Strong NR ϭ subjects who did not hear finger rubbing at 2 cm; NR ϭ no response at 80 dB.
Figure 3
Comparison between the average AT measurements with the sound intensity at each distance from the tested ear
The squares indicate the intensity of the auditory stimulus at each distance of the calibrated finger rub auditory screening test (CALFRAST). The triangles show the mean auditory threshold (AT) of all ears that have that CALFRAST test level.
extension had hearing impairment that ranged from mild to severe (table 1) .
CALFRAST-Faint 70. Of the 220 ears (50%) that were able to hear CALFRAST-Faint 70, only 2 had an AT above 25 dB, with a maximum AT of 35 dB, producing a sensitivity of 99% (CI 95-100; tables 1 and 2). If a participant could hear CALFRAST-Faint 70, hearing impairment was unlikely, as demonstrated by an NPV of 99% (CI 96 -100) and an NLR ϭ 0.009 (CI 0.002-0.04). The specificity is 75% (CI 70 -80), with a PPV of 67% (CI 61-73). Thus, when CALFRAST-Faint 70 is perceived, the likelihood of clinically significant hearing impairment is negligible.
Discriminatory ability of CALFRAST for screening in the general population. Because the prevalence of hearing loss increases with age, the usefulness of a hearing screening test in older populations decreases as a function of its NPV. 11 The 9% prevalence of hearing loss in the general population is less than a fourth of that in our sample (39%), 16 Intrarater and interrater reliability. Comparing the results of the two sessions performed by the same examiner, there was disagreement on only 2 of 38 ears. The intrarater reliability is therefore high ( ϭ 0.802). The results obtained independently by two different examiners were in disagreement in 6 of 78 ears. The interrater reliability is also excellent ( ϭ 0.831).
Subjects' self-assessment of hearing loss. Subjects did not notice their hearing loss in 60 of 442 ears (14%; table 2). Importantly, 48% of these ears had hearing impairment that would have been classified as moderate or severe. Subjects mistakenly thought that their hearing was abnormal in more than 9% of the ears. Thus, participants were wrong in self-evaluation of their hearing ability in 23% of the ears. Eighteen subjects (8% of our sample) did not realize that they had bilateral hearing loss, with a mean AT of approximately 45 dB (ranging from 30 dB to no response at 80 dB). Self-assessment of hearing loss (table 2) had a sensitivity of 60% (CI 52-68), with an NPV of 81% (CI 76 -85) and an NLR of 0.24 (CI 0.19 -0.3). Self-evaluation of hearing impairment is grossly inaccurate.
DISCUSSION Aging-related hearing loss (AHL) begins at high and progresses to lower frequencies as the subject ages. Noise-induced hearing loss (NIHL), the next most common cause of permanent impairment, is characterized by an increased threshold at 4,000 Hz. CALFRAST sound spectrum covers the important frequencies for AHL, NIHL, and other etiologies of hearing loss, and overlaps those for normal speech, making it ideal for screening efficacy. Although CALFRAST has not been formally evaluated in children, the testing game has been successfully performed by 3 and 4 year olds.
We do not propose that use of the CALFRAST test be limited to clinicians who ascertain their own auditory capabilities and determine the intensity of their CALFRAST stimuli. Obviously, it is desirable for the examiner to have normal auditory acuity. But A positive test result means failure to detect the specified stimulus. True means audiometric affirmation of calibrated finger rub auditory screening test (CALFRAST) result. Numbers in parentheses are 95% confidence intervals. TP ϭ true positive; FP ϭ false positive; PPV ϭ positive predictive value; FN ϭ false negative; TN ϭ true negative; NPV ϭ negative predictive value; Sens ϭ sensitivity; Spec ϭ specificity; NLR ϭ negative likelihood ratio.
even without such determination, the test procedure can be used flexibly and adaptively in the same way that clinicians evaluate tendon jerks, varying the intensity of the hammer blow and even the use of the Jendrassik maneuver to ascertain presence, amplitude, and symmetry of reflex behavior. Indeed, a byproduct of this investigation for one of the authors (W.M.L.) was the discovery of his own mild hearing loss. He finds that the practical utility of the CALFRAST test is unimpaired. 17 We purposely designed CALFRAST to be useful without the need for any instrumentation or consideration of variations in the examiner's finger rub skill. We wager that any reader who does not hear a firm self-generated finger rub with fully extended arm will find significant value from a hearing specialist consultation.
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